Objective The ability to predict which men will experience biochemical recurrence (BCR) after salvage radiation therapy (SRT) for recurrent prostate cancer following radical prostatectomy has potential for improvement. Cyclooxygenase-2 (COX-2) overexpression has previously correlated with poor clinical outcomes following primary treatment for prostate cancer; however, its predictive ability in the specific setting of SRT has not been examined to date. This study evaluated the association between COX-2 staining intensity and BCR following SRT for recurrent prostate cancer. Methods We utilized a cohort of 151 patients who underwent SRT between July 1987 and July 2003. COX-2 staining intensity in primary tumor samples was detected using monoclonal antibodies and quantified using a computer-assisted method. The association between COX-2 staining intensity and BCR was evaluated using multivariable Cox regression models. Results When examining COX-2 staining level as threelevel categorical variable (low, moderate, high) based on approximate sample tertiles, there was no evidence of an association with BCR (P=0.18). More specifically, in comparison to patients with low staining intensity, there was no significant difference in risk of BCR for moderate (relative risk [RR], 1.17; P=0.56) or high (RR, 0.72; P=0.22) COX-2 staining intensity patients. This lack of association was also observed when considering COX-2 staining intensity as a continuous variable (RR, 0.83; P=0.15). Conclusion Our results indicate that COX-2 staining intensity is likely of little use in discriminating prognosis of SRT. It appears that the search for prognostic factors associated with BCR should continue elsewhere in order to further enhance patient selection for SRT.
Introduction
In the USA, approximately 15,000 men who have undergone radical prostatectomy for localized prostate cancer will experience a significant rise in their serum prostate-specific antigen (PSA) level each year [1] , indicating biochemical recurrence (BCR). Salvage radiation therapy (SRT) is the only potentially curative treatment for these men, and without it more than 35 % will develop distant metastases within 5 years [2] , while between 25 and 40 % will die due to prostate cancer within 10 years [3, 4] . Reported SRT success rates range from 10 to 50 % [5] [6] [7] [8] [9] , and therefore enhancements of the ability to select men who are most likely to respond to treatment are of great importance. BCR is the first sign of disease progression following SRT and in the absence of hormone therapy is followed by development of distant metastases at an average of 8 years later [2] . Clinicopathologic parameters have been evaluated for association with BCR following SRT by a number of groups, with Gleason score, pathological tumor stage, pre-SRT PSA, and other factors showing evidence of association [5] . Additionally, several groups, including our own, have created scoring algorithms that combine information from these key clinical and pathological features in order to assign patients different levels of risk of BCR [6, 7] .
Though the results of the aforementioned investigations can be very helpful in the identification of patients most likely to respond to SRT, the continued evaluation of plausible prognostic factors for BCR is important in order to further improve patient selection. In addition to their potential utility in this capacity, the study of tumor-based biomarkers in relation to SRT outcome can aid in the search for adjuvant therapies to be used in combination with SRT and also add to our understanding of prostate cancer progression. Our group has evaluated a number of tumor-based biomarkers in regard to association with BCR following SRT; both Ki-67 and B7-H3 have shown significant associations with recurrence, whereas no predictive ability was evident for MDM2, p16, or p53 [8] [9] [10] .
The cyclooxygenase-2 (COX-2) enzyme is another promising candidate for study in relation to response to SRT, especially due to its potential as a target for adjuvant therapy. Well-known for its role in inflammation, studies have shown that COX-2 is also over-expressed in several human cancers, including prostate cancer, and appears to play an important role in prostate cancer development and progression [11] . Several investigations have demonstrated associations between elevated COX-2 expression and poor prostate cancer clinical outcomes [12] [13] [14] [15] [16] . However, no study to date has examined the ability of COX-2 expression to predict BCR in men undergoing SRT due to recurrent prostate cancer following radical prostatectomy. Therefore, the aim of this study was to evaluate the association between COX-2 staining level in primary prostate cancer tumors and BCR following SRT.
Methods

Patient selection and outcome definition
This study was approved by the Mayo Clinic Institutional Review Board. The same underlying cohort of 368 patients that was used to develop our previously referred to scoring algorithm (the BCR Risk Score) [6] was utilized in the current study. These were all men who underwent SRT to treat a rising PSA following surgery for prostate cancer at the Mayo Clinic between July 1987 and July 2003. A total of 151 (41 %) men from this original cohort had archived tumor tissue available and were therefore included in the current study. We observed no dramatic differences when comparing clinical, pathological, and SRT information between the 151 patients with archived tumor tissue and the 217 patients without. Of particular importance, the cumulative incidences of BCR at 1 year (19 vs 26 %), 3 years (36 vs. 43 %), and 5 years (45 vs. 55 %) following SRT were fairly similar between these two patient groups.
The primary endpoint of this study was BCR following SRT which was defined using the same criteria as in our previous report [6] , as a single post-SRT PSA value of 0.4 ng/ml or greater that exceeded the post-SRT nadir. This definition incorporates a rising profile and a threshold value (i.e., 0.4 ng/ml) associated with clinically significant relapse [17] . The date of BCR was considered to be the date of the measured PSA value without backdating.
Salvage radiation therapy information
Patients were treated with 6-20-MV photons targeted to the prostate fossa with or without the seminal vesicles (at physician discretion) and without inclusion of the pelvic lymphatics. Treatment planning was generally performed with contrast medium in the rectum and bladder. Retrograde urethrography was also performed in many patients. Through June 1998, patients were treated with four conformal fields or a rotational field using computer tomography (CT)-based 2D-planning. After June 1998, patients were treated with ten conformal fields using CT-based 3D-planning. A median dose of 65.0 Gy (range, 58.4-72.4 Gy) was administered in 1.8-2.0-Gy daily fractions. Intensity modulation, inverse planning, and image-guidance techniques were not used during the study time period. After SRT completion, patients were typically evaluated every 3 to 4 months for 2 years, and at 6-to 12-month intervals thereafter.
Immunohistochemical staining
Diagnostic tissue was delivered precut onto slides. These samples were deparafinnized and rehydrated. Subsequently, antigen retrieval was performed by heating the slides in a citrate buffer in a pressure cooker for a total of 50 min. Incubation was completed in an autostainer (Dako, Glostrup, Denmark) with an antibody directed against COX-2 (catalogue number 804-112-C050, 1:200 dilution for 1 h, Alexis Biochemicals, Lausaen, Switzerland). A biotinylated secondary antibody (Dako LSAB 2 Kit) was overlaid for a total of 10 min, followed by streptavidin for another 10 min, with rinses of Tris buffer (at pH 7·6) between staining. Diaminobenzidine chromagen was then applied for 5 min. Slides were counterstained using haematoxylin (Dako), dehydrated, and finally coverslipped. RP radical prostatectomy, PSA prostate-specific antigen, SRT salvage radiation therapy, BCR biochemical recurrence, CT computer tomography.
An adenocarcinoma of the colon served as a positive control with each staining batch of core tissue. Negative controls without COX-2 antibody were also used with each staining batch.
Image analysis
An automated imaging system (ACIS II, Clarient Inc, San Juan Capistrano, CA, USA) was utilized to score the intensity of COX-2 staining. All of the slides, including the adenocarcinoma-positive control slides, were scanned at ×10 magnification into the imaging system. A pre-defined color threshold setting ("p53_D_histo.app") was chosen to analyze all of the slides. Parameters (hue, color, and luminosity) were optimized by the manufacturer for use in tissue-specific antibody stains including COX-2. The system illustrated color thresholds via a brown or blue overlay to reflect positive-or negative-stained pixels, respectively. Each staining batch was analyzed with its respective positive control by an experienced pathologist (LP). At least five areas of interest were outlined per tissue core. Tumor groups were chosen based on strongest intensity, regardless of tumor grade. Staining above the background was deemed positive.
Statistical analysis
Although COX-2 staining intensity was originally recorded as a continuous variable by the ACIS system, to allow for easier interpretation of our results we used approximate tertile cutpoints to create a three-level categorical variable (low, <115; moderate, 115-130; high, >130). We utilized this three-level variable in our analyses, though we did examine COX-2 staining as a continuous variable as well. Clinical, pathological, and SRT information was compared between patients with low, moderate, and high COX-2 staining intensity using a Kruskal-Wallis rank sum test or
Fisher's exact test. The Kaplan-Meier method was used to estimate the cumulative incidence of BCR after the start of SRT, censoring at the date of last follow-up. Relative risks (RRs) and 95 % confidence intervals (CIs) resulting from Cox proportional hazards regression models were used to evaluate the association between COX-2 staining intensity and BCR. Single variable models were utilized, as well as multivariable models adjusted for the three variables included in our BCR Risk Score [6] (pathological tumor stage, Gleason score, and pre-SRT PSA) and other patient characteristics. P values≤0.05 were considered as statistically significant. Statistical analyses were performed using R Statistical Software (version 2.14.0; R Foundation for Statistical Computing, Vienna, Austria).
Results
Median COX-2 staining intensity in our cohort of 151 patients was 127 (range, 68-171). COX-2 staining intensity was low (<115) in 49 patients (32 %), moderate (115-130) in 43 patients (28 %), and high (>130) in 59 patients (39 %). As detailed in Table 1 , there were no significant differences in clinical, pathological, and SRT information between patients with low, moderate, and high COX-2 staining intensity (all P≥0.11). Median follow-up length after the start of SRT was 8.0 years (range, 0.6-20.0 years), and 87 patients (58 %) experienced BCR. Kaplan-Meier estimated cumulative incidences of BCR after SRT are displayed in Fig. 1 and Table 2 , separately for patients with low, moderate, and high COX-2 staining intensity. At 3, 5, and 8 years after SRT, cumulative incidences of BCR were 41, 52, and 57 % in patients with low COX-2 staining intensity; 40, 53, and 62 % in patients with moderate COX-2 staining intensity; and 30, 34, and 48 % in patients with high COX-2 staining intensity. As displayed in Table 2 , when comparing BCR between these three patient groups, there was Table 1 ).
Discussion
Several investigations have demonstrated that increased COX-2 expression is predictive of poor clinical outcomes following primary treatment for prostate cancer [12] [13] [14] [15] [16] . Most of these studies have evaluated patient outcomes after radical prostatectomy [12] [13] [14] [15] , while the most convincing evidence has resulted from the RTOG 92-02 trial, which included patients with locally advanced prostate cancer who were treated with radiation therapy plus either short-term androgen deprivation or long-term androgen deprivation [16] . More specifically, in their analysis of 586 patients, Khor et al. demonstrated associations of increased COX-2 expression with distant metastasis, biochemical failure, and any failure. Motivated by these findings and by the need to improve the identification of men who are most likely to respond to SRT, in this study, we undertook the first evaluation to date of the ability of COX-2 staining intensity to predict BCR after SRT for a rising PSA following radical prostatectomy. In our cohort of 151 patients, we did not observe an association with BCR when considering COX-2 staining level as a three-level categorical variable based on sample tertiles or as a continuous variable in either single variable or multivariable analysis. Contrasting with the aforementioned studies utilizing patients undergoing primary prostate cancer treatment [12] [13] [14] [15] [16] , this lack of association is likely due to our different prostate cancer population of patients with recurrent and thus uniformly more aggressive disease.
Our findings indicate that unlike clinico-pathologic features such as Gleason score, pathological tumor stage, and pre-SRT PSA, and the tumor-based biomarkers Ki-67 and B7-H3, COX-2 is not likely to be useful in selection of appropriate candidates for SRT. Though we cannot firmly conclude that no association between COX-2 staining intensity and BCR exists based on the results of our study, based on 95 % confidence limits for our relative risk estimates, it is reasonable to conclude that any such association is unlikely to be strong enough to be clinically meaningful. That being said, it is important to acknowledge that power to detect an association between COX-2 staining intensity and BCR was limited, and therefore the possibility of type II error (i.e., a false-negative association) should be considered; replication in a larger cohort of SRT patients will further strengthen our findings. In addition to the relatively small sample size, other limitations of our study include the retrospective design, the primarily Caucasian population (>98 %) of our tertiary referral center, and the examination of COX-2 staining intensity using a single method (IHC analysis).
Conclusion
The results of our study, though seemingly negative owing to the lack of a statistically significant association between COX-2 staining intensity and BCR, aid in the search for biomarkers of SRT outcome. Though COX-2 clearly has an important role in prostate cancer in general, our results provide evidence that COX-2 staining is unlikely to be of use in the identification of men most likely to respond to SRT. Thus, acknowledging the need for validation in a larger patient cohort, it appears that the search for tumor-based biomarkers and other prognostic factors associated with BCR should continue elsewhere in order to further enhance patient selection for SRT.
